The eradication of smallpox (variola) and the subsequent cessation of routine vaccination have left modern society vulnerable to bioterrorism employing this devastating contagious disease. The existing, licensed vaccines based on live vaccinia virus (VACV) are contraindicated for a substantial number of people, and prophylactic vaccination of large populations is not reasonable when there is little risk of exposure. Consequently, there is an emerging need to develop efficient and safe therapeutics to be used shortly before or after exposure, either alone or in combination with vaccination. We have characterized the human antibody response to smallpox vaccine (VACV Lister) in immunized volunteers and isolated a large number of VACV-specific antibodies that recognize a variety of different VACV antigens. Using this broad antibody panel, we have generated a fully human, recombinant analogue to plasma-derived vaccinia immunoglobulin (VIG), which mirrors the diversity and specificity of the human antibody immune response and offers the advantage of unlimited supply and reproducible specificity and activity. The recombinant VIG was found to display a high specific binding activity toward VACV antigens, potent in vitro VACV neutralizing activity, and a highly protective efficacy against VACV challenge in the mouse tail lesion model when given either prophylactically or therapeutically. Altogether, the results suggest that this compound has the potential to be used as an effective postexposure prophylaxis or treatment of disease caused by orthopoxviruses.
The eradication of smallpox (variola) and the subsequent cessation of routine vaccination have left modern society vulnerable to bioterrorism employing this devastating contagious disease. The existing, licensed vaccines based on live vaccinia virus (VACV) are contraindicated for a substantial number of people, and prophylactic vaccination of large populations is not reasonable when there is little risk of exposure. Consequently, there is an emerging need to develop efficient and safe therapeutics to be used shortly before or after exposure, either alone or in combination with vaccination. We have characterized the human antibody response to smallpox vaccine (VACV Lister) in immunized volunteers and isolated a large number of VACV-specific antibodies that recognize a variety of different VACV antigens. Using this broad antibody panel, we have generated a fully human, recombinant analogue to plasma-derived vaccinia immunoglobulin (VIG), which mirrors the diversity and specificity of the human antibody immune response and offers the advantage of unlimited supply and reproducible specificity and activity. The recombinant VIG was found to display a high specific binding activity toward VACV antigens, potent in vitro VACV neutralizing activity, and a highly protective efficacy against VACV challenge in the mouse tail lesion model when given either prophylactically or therapeutically. Altogether, the results suggest that this compound has the potential to be used as an effective postexposure prophylaxis or treatment of disease caused by orthopoxviruses.
Although smallpox (variola) was eradicated over 30 years ago by a worldwide vaccination campaign, the threat of bioterrorism has reintroduced this deadly and highly contagious disease as a serious hazard to public health and notably to today's unvaccinated inhabitants of crowded urban settings. Prophylactic vaccination employing the smallpox-related vaccinia virus (VACV) is associated with rare, but potentially life-threatening, adverse events (27) , and unfortunately vaccination is contraindicated for people (and their household contacts) with compromised immune systems or skin conditions (such as eczema, dermatitis, and varicella), pregnant women, infants, and those receiving immunosuppressive medicines. Complications due to VACV vaccination may be treated with plasma-derived vaccinia immunoglobulin (VIG) isolated from vaccinated donors. However, since only a small fraction of the injected immunoglobulin targets the antigens of interest, large injection volumes are required, and it is therefore probably not realistic to use plasma-derived VIG in treating a generalized smallpox outbreak. Furthermore, since prophylactic vaccination of large populations is not reasonable when there is little risk of exposure, the urgent concerns over the implications of an accidental or intentional release of smallpox and also the possible outbreak of zoonotic poxvirus diseases such as monkeypox have led to a renewed interest in investigating antiviral treatment options and in understanding the humoral immune response to virus exposure.
Variola virus, which is the causative agent of smallpox, VACV, and monkeypox virus all belong to the Orthopoxvirus genus of the Poxviridae family. Characteristically, these viruses are large (approximately 200-kb genome) and have a complex mode of assembly and appearance, including multiple viral membranes and surface proteins with various functions. In addition, orthopoxviruses have two types of infectious virions: intracellular mature virions (IMV) and extracellular enveloped virions (EEV). The IMV are assembled in the cytoplasm and consist of a virally encoded membrane surrounding a core particle containing the genome. The IMV can either be released from the infected cell by cellular lysis or be further processed by wrapping of virus particles in a host-derived membrane to generate EEV. Each type of virions has distinct functions, with IMV being involved in transmission between hosts and EEV thought to be primarily involved in dissemination within the host (54) . Neutralizing antibodies mainly exert their effect by recognizing surface proteins expressed on the outer virion membranes. These proteins are unique to either IMV or EEV, and the two virion types thus present different sets of targets to the humoral defense (15, 54) . When the present study was initiated in 2004, animal studies had identified neutralizing antibodies against five VACV IMV-specific antigens (L1R, A27L, A17L, H3L, and D8L) and two EEVspecific antigens (B5R and A33R) (reviewed in reference 2). Although the exact biological function of these proteins remains unclear, essential functions during virion assembly and virus entry have been assigned to specific proteins (15, 54) .
Early attempts to use inactivated VACV preparations composed largely of IMV for vaccination resulted in poor protection and led to the conclusion that a neutralizing antibody response to VACV needs to comprise antibodies to both viral particle types (6) . More recent studies in animal models have confirmed that although some protection against virus challenge can be obtained with single-protein vaccination or antibodies directed against individual IMV or EEV surface antigens, the best protection is afforded when a combinatory approach targeting both IMV and EEV is employed (24, 30, 31, 38, 46) . Lustig et al. have provided one explanation for the improved protective effect of combinations of antibodies to the two virion types as they have shown that IgG against the A33R EEV surface protein, which was not in vitro neutralizing on its own, was capable of eliciting complement-mediated lysis of the outer EEV membrane, thereby making the inner IMV particle susceptible to a neutralizing L1R-specific antibody (47) . Recently, other protective mechanisms involving complement, such as direct neutralization through coating of the virion surface and complement-dependent lysis of VACV-infected cells, have been demonstrated for B5R-specific antibodies (4). The neutralization in this case did not involve virion lysis and did not require the presence of a neutralizing IMV-specific antibody (4), thus further illustrating the complex nature of antibody-mediated protection against VACV.
Altogether, given the complexity of VACV, which includes two types of infectious virions and a multitude of antigens, it seems clear that the optimal therapeutic antibody against VACV should not be limited to a single antigen but, rather, should consist of a combination of specificities. Antibody therapeutics targeting multiple epitopes, e.g., bispecific antibodies or cocktails consisting of two or more separately produced antibodies, are increasingly being developed to raise the therapeutic effectiveness when large and complex entities are targeted (3, 55) . Such antibody mixtures may constitute entirely new treatment modalities but may also replace existing plasmaderived immunoglobulin products, which, as already noted, suffer certain drawbacks that make them a less attractive therapeutic option. In contrast, target-specific recombinant polyclonal antibodies offer the advantage of unlimited supply, high and reproducible specificity and activity, and an improved safety profile (8) .
In this study, we have characterized the antibody response to smallpox vaccine (VACV Lister) in immunized human volunteers and employed the Symplex technology (48, 49) to isolate a large number of VACV-specific antibodies recognizing a variety of different VACV antigens. Using this broad panel of antibodies, we have generated a fully human recombinant VIG that mirrors the diversity and specificity of the human antibody immune response and has the potential to be used as an effective postexposure prophylaxis or treatment of disease caused by orthopoxviruses.
MATERIALS AND METHODS

Blood donors.
Twelve voluntary blood donors were recruited from a smallpox vaccination program of British first-responder health care workers. The participants in this study gave signed informed consent, and approval was obtained from the Salisbury Research Ethics Committee (United Kingdom) and the Regional Research Ethics Committee of Copenhagen (Denmark) prior to initiation of the study. The blood donors included both first-time vaccinees and revaccinees who received dried smallpox vaccine of the VACV Lister strain (batch 347; National Collection of Pathogenic Viruses, Health Protection Agency, Centre for Emergency Preparedness and Response, Porton Down, United Kingdom), and blood was drawn in the range of 9 to 20 days after vaccination.
Viruses, antigens, and reagents. Live VACV of the NYCBOH and IHD-W strains was obtained from the ATCC (VR-1536 and VR-1441, respectively), and the Lister strain was provided by the National Collection of Pathogenic Viruses, United Kingdom. Purified VACV particles of the Lister and IHD-W strains inactivated by the UV-psoralen method (Advanced Biotechnologies, Columbia, MD) were used for enzyme-linked immunospot assay (ELISPOT) and binding assays. Similarly inactivated particles of the IHD-J strain were kindly provided by Grant McFadden (University of Western Ontario, London, Ontario, Canada).
Recombinant VACV proteins were produced in the baculovirus expression system. B5R and VACV complement protein (VCP or C3L; both Lister strain) were obtained from Qbiogene (Illkirch, France) and A27L, A33R, and L1R (all WR strain) were from the University of Pennsylvania (Philadelphia, PA).
In vitro translated proteins (e.g., A10L, A56R, D8L, and H3L) were obtained by PCR amplification of the individual genes from genomic VACV Lister DNA, followed by expression using a TNT T7 Quick for PCR DNA coupled transcription/translation system (Promega, Madison, WI) with Transcend biotinylated tRNA according to the manufacturer's instructions.
Vaccinia immune globulin intravenous (human) ([VIG] lot number 17304043; Cangene, Winnipeg, MB, Canada) was obtained from Statens Serum Institut (Copenhagen, Denmark).
Characterization of the donor VACV-specific immune response. Following isolation of peripheral blood mononuclear cells (PBMC) from donor blood using Lymphoprep (Axis-Shield, Oslo, Norway), the CD19 ϩ B cell population was purified using magnetic cell sorting (MACS) as described by Meijer et al. (48) . Serum (diluted 1:2 with phosphate-buffered saline [PBS]) was also collected and stored at Ϫ20°C. The frequency of plasma cells producing VACV-specific antibodies was determined using an ELISPOT assay. Briefly, MACS-purified CD19 ϩ cells (1 ϫ 10 5 cells per well) were added to nitrocellulose-bottomed (HA filter type) plates (Millipore, Bedford, MA) coated with a solution of 20 g/ml inactivated VACV particles. Following incubation and washing, immobilized vaccinia virus-specific human IgG and IgA were detected separately using horseradish peroxidase (HRP)-conjugated anti-human IgG (CalTag, Burlingame, CA) and HRP-conjugated anti-human IgA (AbD Serotec, Oxford, United Kingdom). The plates were developed as described previously (48) , and the number of spots was counted manually using a stereomicroscope.
The serum IgG response against VACV particles and recombinant antigens was characterized by enzyme-linked immunosorbent assay (ELISA). Ninety-sixwell ELISA plates (MaxiSorp; Nunc A/S, Roskilde, Denmark) were coated with antigen, blocked, and washed according to standard protocols. Following incubation with a dilution series of the serum samples and additional washing, bound IgG was detected using HRP-conjugated anti-human IgG (CalTag), and the plates were developed as described before (48) . Each serum sample was assayed in duplicate against each antigen on two separate plates. Endpoint titers were determined as the reciprocal dilution giving a signal 4-fold above background by interpolation from the titration curves.
Generation of antibody repertoires. Plasma cells (PC) were selected from the CD19 ϩ cell population by fluorescence-activated cell sorting (FACS) based on the expression profile of CD19, CD38, and CD45 cell surface proteins as described by Meijer et al. (48) . The resulting cell population was single-cell sorted into 96-well PCR plates containing PCR buffer (Phusion HF buffer; Finnzymes, Espoo, Finland), primers for reverse transcription-PCR (RT-PCR) (49) , and RNase inhibitor (RNasin; Promega). Antibody repertoires were generated from the single-cell-sorted PC using the Symplex PCR (48) . Cells from different blood donors were processed separately, and the resulting antibody repertoires were also kept separate. The overall Symplex PCR procedure was performed as described elsewhere (49) , except for the use of a different enzyme combination in the multiplex overlap extension RT-PCR. The following was added to each well to obtain the given final concentration: deoxynucleoside triphosphate (dNTP) mix (200 M each), RNasin (20 U/l), Sensiscript reverse transcriptase (diluted 1:320; Qiagen, Hilden, Germany), and Phusion DNA polymerase (0.02 U/l; Finnzymes). Following reverse transcription for 1 h at 37°C, antibody genes were amplified and linked using the following PCR cycle: initial denaturation at 98°C for 30 s; 30 cycles of 98°C for 20 s, 60°C for 30 s, and 72°C for 45 s; final extension at 72°C for 45 s. Following further amplification of the multiplex overlap extension PCR products in a nested PCR (49) , the linked antibody genes were cloned into the Fab expression vector pJSK301 (48, 49) . The generated repertoire of expression vectors was propagated in Escherichia coli (TOP10), and individual bacterial colonies were arrayed in 384-well master plates and stored as glycerol stocks.
Screening of cloned repertoires. E. coli expression of Fab fragments was performed in 384 deep-well plates essentially as described previously (48) . The Fab-containing supernatants were cleared by centrifugation and used for screening of individual clones in a bead-based fluorescence-linked immunosorbent assay (FLISA) (56) . Briefly, inactivated virus particles of the Lister strain, the IHD-W strain, and the recombinant protein antigens B5R, VCP, and A33R were immobilized individually on polystyrene beads (6.79-m diameter; Spherotech Inc., Lake Forest, IL) by incubating 16.5 g of protein or 20 g of virus particles with 100 l of 5% (wt/vol) beads. The coated beads, goat anti-human IgG Alexa Fluor 647 conjugate (Molecular Probes/Invitrogen, Carlsbad, CA), and supernatant containing Fab fragments were mixed in assay-compatible 384-well plates (Nunc 142761), and the fluorescence at the bead surface in individual wells was recorded using an 8200 Cellular Detection System (Applied Biosystems, Foster City, CA). Cutoff was set at 50 counts (fluorescent beads) during the primary screening in order to identify as many clones reactive with viral particles or antigens as possible. The expressed Fab fragment repertoires were screened against all five populations of coated beads.
Clones that were positive in the primary screening were retrieved from the original master plates and reexpressed in 96-well plates and tested in a secondary screening against the same antigens by both FLISA and standard ELISA (48) .
Sequence analysis. Plasmids encoding clones that were identified as positive in the secondary screening were subjected to DNA sequencing (MWG Biotech, Ebersberg, Germany), and the obtained sequences were clustered based on sequence homology. Immunoglobulin variable (V), diversity (D), and joining (J) gene segment usage was determined for each sequence by comparison to germ line sequences from the ImMunoGeneTics (IMGT [www.imgt.org]) reference directory (44) . Antibody clones that share V and J segment usage, complementarity determining region 3 (CDR3) lengths in the heavy chain, and consensus sequences in the CDR3 of both the heavy and light chains (CDRH3 and CDRL3, respectively) were assigned to the same clonotype.
Expression of full-length recombinant human antibodies. Selected antibody heavy and light V gene pairs were transferred to a mammalian antibody expression vector, described in Meijer et al. (49) , to allow for production of full-length IgG1 molecules. In the process of transferring the genes, mutations introduced by cross-priming during the Symplex PCR were also corrected. The genes encoding the V genes of an antibody of interest were individually PCR amplified with a primer set containing sequences corresponding to the identified variable germ line genes, thereby correcting any changes introduced by cross-priming. The resulting products were digested and sequentially inserted into the mammalian expression vector using conventional ligation procedures (57) . A FastStart High Fidelity PCR system (Roche, Penzberg, Germany) was used for the amplification of the genes. All restriction enzymes and the T4 DNA ligase were obtained from New England BioLabs (Ipswich, MA).
The resulting constructs were individually transfected into a subclone of the CHO Flp-In cell line (Invitrogen), CHO019 (57) . Following selection of stable cell lines in the presence of Geneticin (Invitrogen), each cell line was adapted to suspension culture in serum-free EX-CELL 302 medium (Sigma, St. Louis, MO), expanded, and cryopreserved at Ϫ150°C. Twenty-six of the individual cell lines (expressing antibody clones 029, 037, 058, 086, 147, 186, 188, 195, 197, 203, 211, 229, 235, 286, 295, 303, 339, 461, 482, 488, 526, 551, 586, 589, 607 , and 633) were selected for the generation of a polyclonal cell line, and batches of recombinant polyclonal VACV-specific antibody were produced in 5-liter bioreactors (B. Braun Biotech International, Melsungen, Germany), essentially as described previously (57) . Each cell line was also cultured in shaker flasks for production of the individual antibodies. The monoclonal antibodies (MAbs) and polyclonal antibodies were individually purified from the culture supernatants by protein A affinity chromatography and analyzed by SDS-PAGE and cation exchange chromatography (57) .
Assessment of antibody reactivity. Following identification of unique antibody clones, large-scale batches of Fab fragments of each clone were prepared for final confirmation of the reactivity with inactivated virus particles of the Lister, IHD-W, and IHD-J strains and the recombinant antigens A27L, A33R, B5R, L1R, and VCP by ELISA as outlined in previous sections. The subsequently produced full-length antibodies were similarly analyzed.
Antigen specificities of the individual antibody clones were further analyzed by Western blotting using acetone-precipitated VACV (Lister) particles, which subsequently were dissolved in SDS loading buffer containing 8 M urea to obtain optimal resolution of the viral proteins. The proteins were separated on NuPAGE Bis-Tris gels (4 to 12% or 10%; Invitrogen) and transferred onto polyvinylidene difluoride (PVDF) membranes (Invitrogen). After a blocking step, the Western blots were probed with purified VACV-specific MAbs and HRP-conjugated anti-human IgG (CalTag) and developed using the SuperSignal West Femto Maximum Sensitivity Chemiluminescent Substrate (Pierce, Rockford, IL) according to the manufacturer's instructions.
A number of antibodies were also tested for reactivity with in vitro translated VACV antigens. Purified antibodies were immobilized in ELISA plates at 1 g/ml and incubated with dilutions of the different in vitro translated antigens. Bound antigen was detected by streptavidin-peroxidase polymer (Sigma), and the plates were developed as described above.
A panel of purified MAbs (029, 037, 058, 086, 147, 186, 188, 195, 197, 203 , 211, 229, 235, 286, 295, 303, 339, 461, 482, 488, 526, 551, 586, 589, 607, and 633) was also tested for reactivity with VACV (WR strain) proteome arrays (Vaccinia Chip 9, versions 1,2, and 10b; Antigen Discovery, Irvine, CA). The arrays contained VACV proteins produced in a cell-free transcription and translation system, with or without disulfide bridge formation (20) , and the 10b array also contained purified proteins produced in E. coli or mammalian cells. Each MAb underwent duplicate analyses on the arrays. The data were averaged for each sample, and the average negative-control values (plus 10 standard deviations) were subtracted.
Affinity measurements. The affinities of selected antibody clones were determined by surface plasmon resonance using a Biacore 2000 (Biacore AB, Uppsala, Sweden). The antigens (B5R, VCP, A33R, and A27L) were immobilized individually on a CM5 chip surface using standard amine coupling chemistry to a level resulting in a maximum resonance unit (RU max ) value of approximately 100 RU or less. Purified antibody Fab fragments prepared by papain cleavage (ImmunoPure Fab preparation Kit; Pierce) were diluted serially in HBS-EP (10 mM HEPES [pH 7.4], 150 mM NaCl, 3 mM EDTA, 0.005% P20 surfactant) running-buffer (Biacore AB) and passed over the chip at 10 to 50 l/min. Binding kinetics and affinity constants (K D ) were determined using the BIAevaluation software (Biacore AB) by global fitting of four to six different concentrations passed over the same sensor surface.
Preparation of VACV for use in vitro and in vivo. Infectious VACV particles were added to subconfluent B-SC-1 cells in serum-free Earle's minimal essential medium (MEM; Invitrogen), and the virus was allowed to adsorb for 45 min at 37°C. Following addition of MEM containing 2% (vol/vol) fetal calf serum (2% MEM), the cells were incubated at 37°C until they showed full cytopathic effect. The supernatant was discarded, and the cells were detached into PBS, centrifuged, resuspended in PBS, and frozen at Ϫ80°C. After samples were thawed, the cell debris was removed by centrifugation, and aliquots of the supernatant were stored at Ϫ80°C. The titer was determined by a plaque reduction assay (see below).
Plaque reduction and neutralization assay. For the evaluation of in vitro neutralizing activity, antibodies were diluted in serum-free MEM and preincubated for 1 h at 37°C with 1 ϫ 10 4 PFU of Lister strain virus particles. The mixture was applied to a monolayer of Vero cells preseeded in 24-well plates, which were incubated for 4 h at 37°C in 5% CO2. The infected cells were overlaid with 2% MEM containing 2% carboxymethylcellulose, followed by incubation for 3 days at 37°C in 5% CO2. The cells were fixed by incubation with 10% formalin in PBS and stained using 20% ethanol containing 0.1% crystal violet, and the number of plaques in each well was counted.
Tail lesion model. The mouse tail lesion model (7) was used to evaluate the in vivo protective activity of the recombinant VIG. All experiments were performed according to the regulations of the United Kingdom Home Office Animals (Scientific Procedures) Act (1986).
Female BALB/c, 6-to 8-week-old mice (Health Protection Agency) were challenged with infectious VACV particles of either the Lister strain (2 ϫ 10
RESULTS
Characterization of the immune response in smallpox vaccinees. To characterize the human immune response to VACV and select the optimal starting material for isolation of VACVspecific antibodies, the blood samples obtained from the smallpox vaccinees were analyzed in terms of frequencies of plasma cells (PC) producing VACV-specific antibodies and serum antibody levels to VACV antigens.
Circulating PC were selected from the CD19 ϩ B cell population by FACS (48) , and the percentages of PC secreting VACV-specific antibodies were estimated by ELISPOT assay. Most of the vaccinees had a clearly detectable frequency of VACV-specific PC, and the revaccinees had in general the highest frequencies, reaching up to 0.6% of the total number of PC (Table 1) . A detailed analysis of the kinetics of the B cell response was not possible since the majority of the blood samples were, for logistical reasons, obtained 14 or 15 days after the vaccination. However, the only sample that was obtained earlier (donor identification number [ID] 11; 9 days after vaccination) also had the highest frequency of VACVspecific IgG-secreting PC (Table 1) , thus suggesting that the B cell response induced by smallpox vaccination peaked before the time point where most of the blood samples were obtained.
The serum antibody titers against inactivated viral particles from three virus strains (Lister, IHD-W, and IHD-J) and five recombinant antigens (B5R, VCP, A27L, A33R, and L1R) were determined by standard ELISA. The Lister strain was commonly used in Western Europe during the WHO smallpox eradication campaign (23) and was also used for vaccination in this study. Both the IHD-J and IHD-W strains are derived from the NYCBOH strain (www.atcc.org), which was used in the United States during the eradication of smallpox (23) . The serum response against the different antigens varied greatly both between and within individual donors, likely a reflection of the differences in vaccination responsiveness, response period, vaccination history, and immunogenicity of the different antigens. Four out of the six previously vaccinated donors (IDs 01, 02, 07, and 08) exhibited strong serum responses against both VACV particles and recombinant antigens, whereas the other two donors (IDs 05 and 11) had low or almost undetectable titers against all antigens (Fig. 1) . As already mentioned, donor 11 also had the shortest response period, i.e., 9 days, which may explain its poor serum response. The antibody response in revaccinees has been reported to increase rapidly from day 6 to 8 until it peaks around day 12 to 15 after vaccination (26) .
Due to the presence of multiple targets for antibodies on the VACV particles, the response was expected to be stronger FIG. 1. The natural antibody response to smallpox vaccination is highly variable. Serum reactivity with VACV particles (strains Lister, IHD-J, and IHD-W) and recombinant antigens (A27L, A33R, B5R, L1R, and VCP) was determined in 10 human smallpox vaccinees by ELISA. The endpoint titer corresponds to the reciprocal dilution giving a signal 4-fold above background. All determinations were performed in duplicate, and the results are presented as means Ϯ standard errors of the means.
VOL. 85, 2011
RECOMBINANT POLYCLONAL ANTIBODY AGAINST VACCINIA VIRUS 1823 against these than against the single recombinant antigens. This was indeed the case for the IHD-J strain particles but not for the other two virus strains. A part of the observed difference may naturally be attributed to differences in coating efficiency and uncertainties in the concentration determination, but there may also be differences in the recognition of dominant antigens, in particular for the IHD-W particles, which were poorly recognized by all sera. IHD-J has been shown to have an increased EEV particle production (51), whereas IHD-W is a hemagglutinin (A56R)-negative strain derived from the IHD-J strain (17) . In agreement with previous studies, the serum response to L1R was very weak, or nearly undetectable, in all donors (5, 43, 52) . Generation and screening of antibody repertoires. Based on the serum reactivity, the ELISPOT analysis, and the expectation that the recall antibody response generated by repeated vaccination will yield antibodies of higher affinity, it was decided to use cells from five of the revaccinees as the starting material for the generation of antibody repertoires. The protocol used for this study is based on the capture of immunoglobulin V genes from single B cells that have a high expression of antibody (i.e., PC). Since donors 01, 02, 05, and 11 had the highest frequencies of VACV-specific PC (Table 1) , they constituted the prime candidates. Cells from donor 08 could not be analyzed by ELISPOT due to the small amount of blood obtained, but based on the high overall frequency of PC in the CD19 ϩ cell population and the vaccination history (Table 1) , this donor was also included.
The nucleic acids encoding the antibody repertoires were isolated from the single-cell-sorted PC by the Symplex PCR, which creates a physical link between the heavy V region gene fragment and the full-length light chain (48, 49) . The protocol was designed to amplify antibody genes of all human immunoglobulin heavy chain and kappa light chain V region gene families by the use of two primer sets, one for heavy V region (IgG and IgA isotypes) amplification and one for kappa lightchain amplification. Using approximately 5,000 cells from each donor, repertoires of between 300 and 1,200 overlap products were generated by the multiplex overlap extension RT-PCR (Table 1 ). The size of the repertoires was estimated by analyzing a representative number of reactions on agarose gels (49) (data not shown). The overlap products from each donor were pooled separately and inserted into a Fab expression vector for production and screening of the individual antibody specificities.
Approximately three times as many antibody-expressing clones as the estimated number of input PCR products (Table  1 ) were arrayed and screened on different VACV antigens, thus giving 95% likelihood for the representation of all unique V gene pairs amplified by the Symplex PCR (14) . The large number of hits obtained in the screening of the five repertoires was retested against the same VACV antigens to verify reactivities, and approximately 700 clones were subjected to sequencing and clustering according to sequence similarity. A group of clones that shared V and J segment usage in both the heavy and light V region, heavy-chain CDR3 length, and consensus sequences in both CDRH3 and CDRL3 were assigned to the same cluster or clonotype. The number of clones assigned to a clonotype varied from a single clone to more than 30 in the case of one of the A33R-specific clonotypes ( Table 2) .
As shown in Fig. 2 and Table 2 , the isolated repertoire of VACV-specific antibodies displays a high degree of genetic diversity. In fact, all human immunoglobulin heavy-chain variable region (IGHV) gene families, as well as the immunoglobulin kappa light-chain variable region (IGKV) gene families 1 to 4 (44; IMGT [www.imgt.org]), were found among the confirmed VACV-specific clones. Genes belonging to the IGKV5 and IGKV6 families, which were not found among the confirmed clones, are only rarely expressed (25) . The heavy-chain V gene usage correlates well with what has been found previously in human antibody repertoires (9, 22, 33) , with a frequent usage of the IGHV3, IGHV1, and IGHV4 families. The lightchain V gene usage was dominated by the IGKV1 family, mainly due to the frequent usage of the IGKV1-39 genes (Fig.  2 and Table 2 ). These genes are also among the most frequently used light-chain V genes in the human immunoglobulin repertoire (16, 22, 25) . As a whole, the IGKV1 genes made up 75% of the repertoire. The only other IGKV gene of prominent usage in the isolated repertoire was IGKV3-20, which also is the single most frequently expressed light-chain gene in humans (22) . The observed genetic diversity is indicative of an unbiased recovery of V genes by the Symplex PCR and suggests that the isolated antibody repertoire mirrors the diversity of the natural humoral response to VACV in humans.
In addition, the sequence analysis revealed that six clonotypes that were isolated from three different repertoires utilize highly similar VDJ and VJ rearrangements. The clonotypes represented by clones 160 and 250 were isolated from donors 05 and 08, respectively, and the four clonotypes represented by clones 211, 214, 238, and 351 were all isolated from donor 11. These clonotypes all use the IGHV3-9 and IGKV1-39 genes and have highly similar CDRH3 sequences ( Table 2) . The Western blot analysis also showed that these clones all recognize the same antigen, subsequently identified as H3L (see below). However, the differences in CDRL3 sequence (Table  2) , the use of different D and J segment genes, and the distinct patterns of somatic mutations (data not shown) demonstrate that these clonotypes have clearly arisen through independent rearrangements. In donor 11, this type of rearrangement has apparently arisen four times.
Characterization of individual antibody specificities. Following sequencing and identification of unique clonotypes, a representative clone from each cluster was tested as a Fab fragment or as a full-length IgG after transfer of the V genes to a mammalian expression vector. Together with the sequence analysis, this characterization revealed 89 clonotypes that were reactive with inactivated VACV particles of the Lister, IHD-W, or IHD-J strain or the recombinant antigens B5R and VCP ( Table 2 ). All five donor repertoires contributed to different extents to this panel of VACV-specific antibodies (Table 1).
The confirmed B5R-and VCP-specific clones were mainly identified by screening on the recombinant antigens, and the reactivities were verified by ELISA using the same antigens (data not shown). However, all five B5R-specific clones also bound to inactivated VACV (Lister) particles to some extent. Some of the 11 VCP-specific clones also bound weakly to inactivated VACV particles (Lister or IHD-W strain), indicating that VCP is associated with the viral particle preparations despite being a secreted protein. The two A33R-specific clono- 
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on October 2, 2017 by guest http://jvi.asm.org/ types were identified by screening on the VACV Lister particles, and screening on recombinant antigen did not yield any additional clones. The reactivity of both clones was determined by ELISA using the recombinant antigen. The seven A27L-specific clonotypes were also identified by screening on virus particles, and the specificity was subsequently identified by ELISA using recombinant A27L.
In order to assign antigenic specificities to the clonotypes that were not reactive with any of the recombinant antigens, an extensive analysis was performed using Western blotting, capture ELISA with in vitro translated VACV antigens, and VACV protein array analysis. The Western blotting using acetone-precipitated VACV Lister particles revealed seven distinct reactivities, arbitrarily labeled B, C, D, E, G, HI, and L, 
a Parentheses indicate that the specificity was assigned by comparison of reactivities determined by Western blotting.
FIG. 2.
The captured repertoire of VACV-specific antibodies mirrors the natural genetic diversity of a human antibody response. The frequencies of IGHV (left panel) and IGKV (right panel) gene usage in the VACV-specific antibody repertoire were calculated based on the genetic origin of each of the 89 confirmed VACV-specific antibodies ( Table 2 ). The highly homologous gene pair IGKV1-12/IGKV1D-12 was for clarity treated as a single entity. and also confirmed the already identified reactivities with A27L, A33R, B5R, and VCP. Figure 3 shows representative results from the analysis. The VCP-specific clones reacted strongly with the recombinant protein in ELISA, but only a few of them recognized the protein in Western blotting with VACV particles. As also noted by other investigators (37), a cluster of proteins with molecular masses between 30 and 40 kDa was recognized by the VACV-specific antibodies (C, E, G, and HI reactivities and B5R and VCP) (Fig. 3) . The HI reactivity was found to be the predominant, with a total of 22 clonotypes, including the six that use similar rearrangements of IGHV3-9 and IGKV1-39 (160, 211, 214, 238, 250, and 351), displaying this profile. The other reactivities were represented by only a few clonotypes each. Approximately one-third of the clones that were reactive with VACV particles when tested by ELISA and FLISA did not recognize a specific antigen in the Western blot analysis.
Results from the capture ELISA using in vitro translated VACV antigens demonstrated that the clones displaying the HI reactivity profile recognized the H3L protein of the Lister strain (Fig. 4A) . Similarly, it was shown that the antibody clones displaying the E and D reactivities recognized D8L and A56R, respectively (Fig. 4A) . These results correlate well with the observed Western blotting reactivity profiles (Fig. 3) as H3L has been shown to migrate as a single band of 35 kDa (59), D8L as a single band of about 34 kDa (50), and A56R as two bands with apparent sizes of 85 and 68 kDa (10) . Clone 607, which did not recognize a specific antigen in the Western blot analysis, was reactive with the in vitro translated A10L (major core protein) (Fig. 4A) .
The VACV protein array analysis (20) , which was performed with a set of 26 antibody clones produced as full-length IgG, verified several of the already identified specificities and also revealed a few additional specificities (Fig. 4B and data not  shown) . All five A27L-specific antibodies that were tested, 186, 188, 203, 229, and 488, were reactive with the in vitro translated protein on the VACV array. Three of the previously identified H3L-specific clones, 195, 197, and 211, also reacted with the protein expressed in an E. coli-based cell-free system, and two others, 029 and 235, recognized the protein when it was expressed in a system allowing for disulfide bond formation. Clone 633, which displayed weak reactivity in Western blotting, was also found to recognize H3L on the protein arrays (data not shown). Clone 607 was also verified as being A10L specific, in accordance with the capture ELISA using in vitro translated protein (Fig. 4A) .
Two clones that displayed the B reactivity profile in the Western blot analysis (Fig. 3) , 037 and 058, reacted strongly with WR148, the VACV A-type inclusion (ATI) protein homologue (Fig. 4B) . This protein has no direct VACV Copenhagen homologue, but is usually referred to as A25L (www .poxvirus.org). The B reactivity clones recognized an ϳ82-kDa protein in the Western blotting with Lister strain viral particles (Fig. 3) , which is also the size reported for the ATI protein (37) . Three additional reactivities were also discovered as clones 086, 147, and 589 were found to recognize I1L (DNAbinding core protein), H5R (viral late gene transcription factor) and A14L (major IMV membrane component), respectively (Fig. 4B) . The reactivities in Western blotting (clone 086, C; clone 147, G; and clone 589, L) (Fig. 3) correlate well with the reported sizes of 36 kDa for both I1L and H5R (39, 40 ) and 14 to 16 kDa for A14L (28) .
A number of antibody clones, including three B5R-specific clones (295, 303, and 526), the two A33R-specific clones (461 and 482), and one A56R-specific clone (551), recognized only their respective targets as purified proteins expressed in mammalian cells. The D8L-specific clone 339 recognized the target gene product only when it was expressed in a cell-free system which allowed for disulfide bond formation (data not shown). Not surprisingly, correct folding, disulfide bond formation, and/or posttranslational modifications appear to be required for specific recognition by some antibodies.
The VACV protein array analysis failed to identify the target antigen for only two antibody clones, 286 and 586. Neither of these reacted specifically with any particular in vitro expressed VACV protein, regardless of the expression system used ( Fig. 4B and data not shown) . Clone 286 had already been identified as VCP specific and, as discussed further below, recognizes recombinant VCP expressed in insect cells with nanomolar affinity (Fig. 5) . The lack of reactivity with the protein arrays may be due to an improper conformation of the in vitro expressed protein. In fact, protein array analysis has failed to detect anti-VCP antibodies in both commercial, plasma-derived VIG, and hyperimmune serum (18, 20 ; this study). Clone 586 did not react specifically in any of the confirmatory assays used, and the specificity of this clone remains unknown.
In summary, using a variety of assays with both natural and recombinant VACV proteins, antigenic specificities have been assigned to more than two-thirds of the 89 confirmed VACVspecific antibodies. The analysis showed that at least 12 different VACV proteins, including A10L, A14L, A27L, A33R, A56R, B5R, D8L, H3L, H5R, I1L, VCP, and the ATI protein, are recognized by the isolated human VACV-specific antibodies, thus further demonstrating the diversity of the captured antibody repertoire. For a comparison, commercial, plasmaderived VIG reacted with A10L, A14L, A27L, A33R, A56R, D8L, D13L, F13L, H3L, H5R, I1L, I3L, L4R, and WR148 (ATI protein) on the VACV proteome arrays (Fig. 4B) . In addition, plasma-derived VIG also recognized recombinant A33R, B5R, L1R, and VCP in ELISA (Fig. 6 and data not shown), whereas the anti-rhesus D recombinant polyclonal antibody, which was used as a negative control, did not display any reactivity toward the tested antigens (Fig. 6) . Antigenic specificities could not be assigned to the remaining antibody clones as these did not recognize any particular antigen in any of the applied assays. The cause for the absence of reactivity may be that the epitopes recognized by these antibodies are poorly represented in the antigenic preparations, either due to a lack of proper conformation or posttranslational modifications or to the absence of complex formation in the case of epitopes made up by more than one protein. For VACV, such complexes have been shown to be formed by, e.g., A33R, A34R, and A36R; A34R and B5R; and A17L, A26L, and A27L (32, 53, 58) . Judging from the binding characteristics, some of the unassigned antibodies appear to recognize antigens of low abundance in the VACV particle preparations (data not shown). It should be noted that none of the confirmed VACVspecific antibody clones bound to Vero cells, i.e., the cells used to produce the VACV particles, when tested at 10 g/ml in a FACS-based assay (data not shown). All in all, the reactivity of the isolated antibody repertoire appears to be essentially the same as that demonstrated for plasma-derived VIG. Furthermore, in order to determine the quality of the isolated antibody repertoire, the binding kinetics of the interaction with the target antigen was determined for a selection of antibodies. This analysis was for practical reasons restricted to antibodies specific for antigens that were available as purified, recombinant proteins (A27L, A33R, B5R, and VCP). The kinetic measurements revealed affinity constants (K D ) between 10 Ϫ8 to 10 Ϫ10 M for the majority of the investigated antibodies (Fig. 5) , thus showing that the isolated antibodies reach into the high-affinity range. In fact, the observed affinities are well within the range of those of currently used therapeutic monoclonal antibodies (11) , suggesting that the captured antibodies have therapeutic potential without further improvements in terms of affinity. A number of antibodies reactive with A27L and VCP did not recognize the antigens immobilized to the Biacore chip and were for this reason excluded from the analysis.
Generation of a recombinant VIG. Having identified a large number of antibodies reactive with different VACV proteins, we selected 26 antibody clones for the creation of a recombinant VIG with the broadest possible reactivity against VACV strains and related orthopoxviruses. To allow for consistent production and easy characterization, the selected clones were combined and expressed as a recombinant polyclonal antibody mixture using the Sympress technology. This technology has also been used to generate an anti-rhesus D recombinant poly- FIG. 6 . Recombinant VIG displays a high specific binding activity toward VACV antigens. The reactivity of purified recombinant VIG (orange circles) against VACV particles (Lister and IHD-J) and recombinant antigens (A27L, A33R, B5R, and VCP) was evaluated by ELISA. Commercial, plasma-derived VIG (gray diamonds) and a negative-control polyclonal antibody (anti-rhesus D [57] ; black squares) were similarly tested for comparison. All determinations were performed in duplicate, and the results are presented as means Ϯ standard errors of the means.
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clonal antibody comprised of 25 unique antibodies (57), which is currently in clinical trials (identifier NCT00718692 [clinical trials.gov]). Due to the complexity of antibody-mediated protection against VACV infection, which makes it difficult to assess the full impact of individual antibodies on the basis of in vitro assays, antibody clones reactive with all the identified antigens were included in the recombinant VIG. Where possible, more than one antibody clone per target was included to obtain optimal epitope coverage, and the numbers of antibodies against each antigen was also selected as to reflect the frequency in the captured repertoire (Table 2 ) and, thus, the natural antibody response toward each antigen (5, 20, 37, 52) . Multiple antibodies against the dominating antigens, A27L and H3L, were for this reason included in the recombinant VIG.
As described in the previous section, VCP also yielded numerous antibodies, but due to the secreted nature of the protein, only a single, high-affinity antibody ( (586) for which no specificity could be assigned was also included as a representative of the group of antibody clones that react with unknown antigens of low abundance in the VACV particle preparations (see above).
The resulting recombinant VIG was tested for reactivity with different VACV strains and recombinant VACV antigens by ELISA, and the in vitro neutralizing activity was determined in a plaque reduction neutralization assay against the Lister strain. As shown in Fig. 6 , the recombinant VIG displayed a high specific binding activity, approximately 250-fold higher than the commercial, plasma-derived VIG, more or less irrespective of the target antigen tested. Furthermore, the recombinant VIG was found to exhibit an 800-fold higher virus neutralizing activity against the Lister VACV strain than the plasma-derived VIG (50% effective concentration [EC 50 ], 0.125 versus 100 g/ml).
Once it was established that the recombinant VIG harbors both high VACV-specific binding activity and in vitro neutralizing activity, the in vivo antiviral activity was assessed using the mouse tail lesion model against the Lister and NYCBOH VACV strains. Inoculation of VACV into the tail vein of mice has been shown to produce a nonlethal and self-limiting infection that results in discrete dermal lesions along the entire surface of the tail (7), in close resemblance to the reaction at the vaccination site following successful smallpox vaccination in humans. The mouse tail lesion model represents a simple and reliable way of assessing protective efficacy and is generally more ethically acceptable than lethal animal models. The antibodies were administered intramuscularly 1 day before or 1 day after virus challenge to evaluate both prophylactic and therapeutic efficacies in early infection. The effect of antibody treatment on tail lesion formation was determined 7 days after virus challenge by manual counting of the lesions on each tail. A challenge dose that produced 30 to 40 lesions per tail in the groups receiving the negative-control antibody was used in both settings. As shown in Fig. 7 , both the recombinant and the plasma-derived VIG were capable of inhibiting lesion formation in both the prophylactic and therapeutic settings. However, the recombinant VIG was found to be at least 200-fold more potent than the commercial, plasma-derived VIG against both virus strains in both settings. In addition, at the highest dose tested (250 g/mouse), the recombinant VIG almost completely abolished the formation of VACV lesions (Fig. 7) . This was in stark contrast to the plasma-derived VIG, which was capable of inhibiting lesion formation only to 30 to 40% of the negative control at a 20 times higher dose (5 mg/mouse). For a comparison, prophylaxis and treatment with a standard dose of 2.5 mg/mouse of the small-molecule antiviral drug cidofovir (21) against both virus strains reduced lesion formation to 25 to 28% of that in the control group (data not shown). The highest dose of recombinant VIG was significantly more effective at inhibiting lesion formation than both the commercial, plasma-derived VIG at 5 mg/mouse and cidofovir at 2.5 mg/mouse in both settings (P Ͻ 0.02).
DISCUSSION
The concerns over the potential use of smallpox virus in biological warfare or terrorism and the increasing risk of zoonotic poxvirus outbreaks have revived the need for treatment options to be used alone or in combination with vaccination. For this reason, we set out to characterize and capture the natural human antibody response toward VACV in vaccinated donors with the aim of creating a recombinant VIG that would FIG. 7 . Recombinant VIG protects mice against VACV challenge in vivo. Groups of eight mice were treated with recombinant VIG (orange circles) or commercial, plasma-derived VIG (gray diamonds) at the indicated doses 24 h before (solid lines) or after (broken lines) challenge with VACV (Lister strain or NYCBOH strain). Tail lesions were enumerated in a blinded fashion 7 days after virus challenge, and the results are expressed relative to the negative control (anti-rhesus D polyclonal antibody [57] ). Data are shown as means Ϯ standard errors of the means. mimic the natural antibody response but have a higher degree of specificity and therapeutic efficacy and improved safety profile than plasma-derived products. Using the Symplex technology, a diverse repertoire consisting of 89 unique human VACV-specific antibodies recognizing at least 12 different VACV antigens with affinities similar to those of licensed monoclonal antibody therapeutics was isolated. A thorough analysis of the sequences of the isolated VACV-specific antibodies showed that these are of a highly diverse genetic origin (Fig. 2) , which corresponds well to that of normal human antibody responses (9, 16, 22, 25, 33) . Furthermore, the antigen recognition of the captured antibody repertoire also corresponds to the specificity of the serum response induced by vaccination with VACV (5, 20, 37, 52) , thus demonstrating an effective and unbiased capture of VACV-specific antibodies using the Symplex technology.
The antigenic specificities identified in the captured VACVspecific repertoire and also included in the recombinant VIG include both IMV-and EEV-associated antigens and one secreted antigen (VCP). Five of the recognized proteins are surface proteins of the IMV (A27L, D8L, and H3L) or the EEV (A33R and B5R) that have been shown to induce neutralizing and/or in vivo protective antibodies in animal models or humans (for a review, see reference 2) and constitute thus obvious targets for a therapeutic antibody composition. In agreement with the findings by other investigators (19) , H3L was found to be the most frequently recognized antigen within the captured repertoire. Besides confirming the immunodominance of H3L in humans, the results from this study also show that H3L seems to select for a common antibody sequence motif in different individuals, possibly indicating the presence of an imprint in the germ line-encoded antibody repertoire required for recognition of this antigen. A similar bias in V gene usage has been observed for a number of other antigens, including viral proteins, bacterial polysaccharides, and allergens, and may in part explain the immunodominance of certain antigens or epitopes (reviewed in reference 42). Two additional surface proteins, A14L and A56R, were also recognized by the isolated antibodies. A14L, which is an IMV membrane protein, is a known target for antibodies, and it has been shown to evoke an antibody response that correlates with virus neutralization in smallpox vaccinees (5) . A56R is the VACV hemagglutinin protein, and it is considered a constituent of the EEV envelope (54) . However, the role of A56R-specific antibodies in the protection against VACV infection is unclear. Depletion of A56R-reactive antibodies from hyperimmune human serum does not affect the neutralizing activity (52), but, as discussed further below, this may be an effect of the redundancy in the neutralizing response toward VACV. It has also been debated whether A56R is a true EEV envelope protein since it does not seem to accumulate intracellularly in virionlike structures, and approximately one-third of EEV particles also lack A56R (41, 45) . Furthermore, not all VACV strains express A56R, as in the case of IHD-W (17) . The fact that A56R is expressed on the surface of infected cells (45) suggests that it still may be of importance, e.g., for opsonization of infected cells.
In addition, a number of nonenvelope IMV proteins, including A10L (major core protein), I1L (DNA-binding core protein), H5R (viral late gene transcription factor), and the ATI protein, were recognized. It was not unexpected to retrieve binders against these proteins as it has been shown that a significant part of the antibody response following smallpox vaccination is directed against these antigens (20, 37) . With the exception of H5R, they are also major components of IMV or are abundantly expressed in VACV-infected cells (13, 20) . Recently, it was shown that polyclonal antibody raised against the ATI protein was capable of blocking VACV plaque formation in vitro, thus demonstrating that this protein is actually a target of neutralizing antibodies (12) . The ATI protein is not an integral envelope protein, but it appears to be associated with the surface of IMV through complex formation with other proteins. Whereas it seems unlikely that the other three proteins (A10L, I1L, and H5R) also are targets for neutralizing antibodies, they are clearly being targeted by the natural human antibody response, and these specificities were for that reason included in the recombinant VIG.
VCP (C3L) is a secretory protein of VACV that is capable of inhibiting complement activation, thereby preventing antibody-mediated virus neutralization and allowing the virus to evade the host immune response (35) . Due to its homology to human proteins, it has been suggested that VCP is poorly immunogenic and will not elicit an antibody response (36) . As shown in this study, this is clearly not the case since a majority of the tested donor sera contained high titers against the recombinant VCP (Fig. 1) , and multiple VCP-specific antibodies were isolated from the cloned repertoires (Table 2 ). Other investigators have also shown that VCP is the major secretory VACV protein that is recognized by VIG (1). Being a secreted protein, VCP is not a target for neutralizing antibodies, and it has also been shown that the humoral response induced by vaccination with recombinant VCP fails to protect against lethal VACV challenge in a mouse model (1) . However, antibodies raised against VCP have been shown to block its activity in vitro (1, 34) , and it is possible that anti-VCP antibodies have a role in ameliorating disease or enhancing the effect of neutralizing antibodies. VCP is thus a natural and potentially important reactivity to include in a recombinant VIG.
As indicated by the size of the VACV genome and number of reactivities against VACV in VIG and hyperimmune serum observed in this study (Fig. 4) and elsewhere (18, 20) , the antigens recognized by the captured antibody repertoire do not represent all the VACV antigens that the humoral immune response is potentially capable of recognizing. However, protein array profiling studies have shown that only a limited number of VACV proteins are consistently recognized by VIG and/or human hyperimmune serum. The list of recognized proteins includes A10L, A13L, A17L, A27L, A33R, A56R, B5R, D8L, D13L, E3L, F13L, H3L, H5R, L4R, and WR148 (ATI protein), and, when expressed under the proper conditions, L1R (18, 20) . The majority of these antigens were also recognized by the members of the isolated VACV-specific repertoire, including most of the surface antigens shown to induce neutralizing or protective antibodies (2) . One significant exception that was not found in the isolated repertoire is L1R. This is an IMV envelope protein that has been shown to be the target of both neutralizing and in vivo protective antibodies (reviewed in reference 2). However, as demonstrated both here (Fig. 1) and elsewhere (5, 43, 52 ), L1R appears to be poorly immunogenic in humans, and the serum response to VOL. 85, 2011 RECOMBINANT POLYCLONAL ANTIBODY AGAINST VACCINIA VIRUS 1831 L1R is generally weak, or nearly undetectable, in vaccinated humans. The failure to identify any L1R-specific antibodies in this study is therefore likely due to an absence or a very low frequency of L1R-specific B cells in the starting material for the Symplex PCR. Dedicated screening using recombinant or purified proteins might have yielded additional hits against individual proteins, including L1R. However, due to the abundance of antibodies against other IMV envelope proteins, this was not implemented for L1R. A number of studies have suggested that there is a significant degree of redundancy in the neutralizing antibody response toward IMV; i.e., in the absence of one or more neutralizing specificities, other specificities are able to compensate for the loss. For instance, Benhnia et al. have demonstrated that although purified anti-H3L IgG is sufficient to neutralize VACV, depletion of H3L antibodies from serum does not significantly reduce the neutralizing activity (5) . Comparable results have also been obtained for anti-L1R and also for a combination of L1R and H3L antibodies, thus leading to the proposal that the natural immune response to the IMV form of VACV is not directed toward a single key antigen but is instead aimed at the development of a highly functionally redundant response of neutralizing antibodies to multiple different viral proteins (5) . Pütz and colleagues have also showed that depletion of hyperimmune sera of antibodies against A27L, H3R, or L1R only had limited effect on the residual neutralizing activity (52), and He et al. have presented similar results for A27L (29) . Thus, the collective IMV reactivity, which includes antibodies to A14L, A27L, D8L, and H3L, in the recombinant VIG is likely more than able to substitute for the missing anti-L1R reactivity. On the other hand, similar depletion experiments with EEV antigens have suggested that B5R is the only target of importance for EEV neutralization as depletion of A33R-and A56R-specific antibodies had no impact on the residual neutralizing activity, whereas depletion of antibodies against B5R fully abrogated the neutralizing activity (52) . Since the recombinant VIG was designed to consist exclusively of VACV-specific antibodies, it did not come as a surprise that it displayed a very high specific binding activity toward VACV particles and proteins. The binding activity was also reflected in the in vitro and in vivo potency as the recombinant VIG displayed an 800-fold higher in vitro neutralizing activity and at least 200-fold higher in vivo protective capacity than the commercial, plasma-derived VIG. Based on the binding activity and the in vitro neutralizing activity, it was expected that prophylactically administered recombinant VIG would elicit a profound antiviral effect. However, it was not anticipated that the effect of postchallenge treatment would be nearly identical to the effect of prophylaxis for all of the administered therapeutics, including cidofovir. This result probably reflects a limitation of the mouse model used, in which a large number of infectious virus particles (Ͼ10 5 PFU) are injected into the tail vein, thereby creating a temporary high local virus concentration, which gives rise to 30 to 40 lesions in untreated mice. The temporary high concentration of virus will likely exceed the concentration of the systemically administered VACV-specific antibody, which thereby becomes more likely to influence continued virus dissemination rather than blocking of the primary infection. If this is the dynamic of the in vivo model used in this study, no profound differentiation between prophylactic and therapeutic administration of VACV-specific antibody can be expected, in correlation with the observed result. However, potent prophylactic and therapeutic efficacy of the recombinant VIG has also been demonstrated in a lethal mouse model based on intranasal challenge, thus corroborating the observed protective efficacy (H. S. Nielsen et al., unpublished data).
Taken together, the in vitro and in vivo data clearly demonstrate that a high degree of relevant antigenic specificities is included in the recombinant VIG and that it contains a high titer of protective antibodies. However, as suggested by the studies demonstrating a redundancy in the neutralizing antibody response toward VACV (5, 29, 52) and the fact that a number of antigenic specificities with no clear role in the protection against VACV were included in the antibody composition, it is possible that a less complex antibody composition with equal or even higher efficacy could be created by careful selection of the appropriate specificities. It should be kept in mind, though, that several studies have suggested that multiple specificities targeting antigens of both the IMV and EEV are required for optimal protection against the virus (24, 30, 31, 38, 46) . In addition, the requirements for effective protection against other orthopoxviruses such as variola virus or monkeypox virus have not been investigated in detail, and it seems reasonable to believe that multiple specificities are needed in order to achieve broad and efficacious protection against the various viruses of the genus.
In conclusion, we have demonstrated the generation of a recombinant VIG that mirrors the diversity and specificity of the natural human antibody immune response to VACV and displays a high protective efficacy against VACV. We believe that this recombinant VIG has the potential to be used against orthopoxvirus infections either as postexposure prophylaxis or treatment. A detailed characterization of the biological activity of the recombinant VIG against different viruses both in vitro and in animal models will be presented elsewhere (Nielsen et al., unpublished).
